A minoacyl-tRNA synthetases (AARSs) catalyze the formation of aminoacyl-tRNA, the substrate for ribosomal protein synthesis (1) . These enzymes possess very high specificity in selecting their cognate amino acid and tRNA substrates, so that misaminoacylation, the charging of the noncognate amino acid to the tRNA, occurs only infrequently (reviewed in ref. 2) .
However, there exists a group of misaminoacylating AARSs that are essential for protein synthesis (1) . These unusual enzymes, the nondiscriminating aspartyl-tRNA synthetases (ND-AspRSs) and the nondiscriminating glutamyl-tRNA synthetases (ND-GluRSs), are required for Asn-tRNA Asn and GlntRNA Gln biosynthesis, respectively. The nondiscriminating AspRS (ND-AspRS) charges both tRNA Asp and tRNA Asn with aspartate, whereas the discriminating AspRS (D-AspRS) forms only Asp-tRNA Asp (3, 4) . Similarly, a ND-GluRS synthesizes Glu-tRNA Gln in addition to Glu-tRNA Glu (e.g., refs. 5 and 6). The misacylated tRNAs are the required substrates for the tRNA-dependent amidotransferases, essential enzymes that carry out Asn-tRNA and Gln-tRNA formation in many organisms and organelles (7) (8) (9) . Thus, these nondiscriminating synthetases have one cognate amino acid but two ''cognate'' tRNA substrates. Seryl-tRNA synthetase possesses similar properties as it recognizes both tRNA Ser and tRNA Sec species during the process of selenocysteinyl-tRNA formation (10) .
Phylogenetic analysis of AspRS sequences reveals the existence in nature of archaeal and bacterial genres of this enzyme (11) . The archaeal genre comprises all archaeal AspRS enzymes, as well as one of two types of AspRSs found in the bacteria Thermus thermophilus (12) , Deinococcus radiodurans (13) , and Clostridium acetobutylicum. Whereas the archaeal AspRS enzymes were thought to be nondiscriminating (12, 14) , it is now known that in several archaea (including Thermococcus kodakaraensis), this enzyme is discriminating (15) . In contrast to bacterial AspRS proteins, the tRNA specificity of the archaeal enzyme can be predicted from the whole genome content (15): a ND-AspRS always exists in the genome together with the archaeal Asp-tRNA Asn amidotransferase, whereas a D-AspRS accompanies an asparaginyl-tRNA synthetase (AsnRS). DAspRS enzymes have been well studied, both biochemically and structurally. Crystal structures of AspRSs from diverse organisms exist, including the archaeon T. kodakaraensis (14) , Escherichia coli (16) , T. thermophilus (17) , and yeast (18) . Recognition of tRNA Asp by AspRS has been mapped out in detail in bacterial and eukaryotic systems, but not in archaeal systems (19) . The major identity elements of bacterial or yeast tRNA Asp include the discriminator base G73 and the anticodon triplet G34, U35, and C36 (20, 21) . Crystal structures of AspRS complexed with tRNA Asp from yeast (18) and from E. coli (16) reveal that the tRNA anticodon interacts with the N-terminal (anticodon-binding) domain of the enzyme. The last anticodon base, C36, differentiates tRNA Asp from tRNA Asn and is recognized by the anticodon-binding loop connecting the last two strands of the ␤-barrel of the class IIb AARSs (16, 18) . Despite all these data, there is currently no information on the structural elements in AspRS that determine tRNA Asn selection.
Here we report an in vitro study in which the discriminating T. kodakaraensis AspRS was converted into a nondiscriminating enzyme. Cloning and Purification of the AspRS Proteins. Cloning and purification of AspRS from T. kodakaraensis, previously known as Pyrococcus kodakaraensis (22) , has been described (15) . Mutant AspRS genes were generated by overlap-extension PCR and were cloned into pET20b between NdeI and BamHI sites so as to yield native proteins after overexpression. Purification of the mutant AspRSs was the same as for the wild-type enzyme (15) . The sequences of the cloned AspRS genes were verified from minipreparations of the cultures from which the AspRSs were purified. The E. coli AsnRS clone was kindly provided by Benfang Ruan (Yale University) and was subcloned into pET28a. The N-terminally His 6 -tagged protein was purified according to the manufacturer's protocol (Qiagen, Valencia, CA). All enzymes were Ͼ95% pure, as judged by SDS͞PAGE followed by Coomassie blue staining. Methanothermobacter thermautotrophicus AspRS was prepared as described (15 (15) . For measurement of kinetic parameters, initial velocities of aminoacylation were determined from the average of duplicate sets of data at various tRNA concentrations. The percentage of renatured tRNA that could be aminoacylated was determined for each transcript and varied from 30% to 50% for tRNA Asp and from 50% to 70% for tRNA Asn , respectively. The concentration reported, therefore, reflects the amount of chargeable tRNA. The concentration of aspartate was kept at least 2-fold higher than the K m for the amino acid. The values of k cat and K m were calculated by nonlinear regression fitting of the data to the Michaelis-Menten equation.
Materials and Methods
Transamidation of Asp-tRNA Asn was carried out as described (15) .
Acid͞Urea Gel Analysis. Unfractionated P. furiosus tRNA (20 M) was aminoacylated with 160 M unlabeled aspartate and 0.1 M T. kodakaraensis or M. thermautotrophicus AspRS at 55°C for 30 min as described (15) , or with 160 M unlabeled asparagine and 1 M E. coli AsnRS at 37°C for 30 min in 50 mM Hepes-KOH, pH 7.0͞50 mM KCl͞10 mM MgCl 2 ͞4 mM ATP͞5 mM DTT. Duplicate reactions with the same amount of 14 C-labeled amino acid were run in parallel to determine the aminoacylation time course. Aminoacylated and deacylated tRNA samples (4 g each) were prepared and separated by an acid͞urea gel (9.5%) at 4°C for 39 h as described (23) . After transfer of the tRNAcontaining portion of the gel to a Hybond N ϩ membrane (Amersham Biosciences), Northern analysis was performed with a 32 P-labeled oligonucleotide complementary to bases 11-28 of P. furiosus tRNA Asn in the presence of excess unlabeled oligonucleotide (20 nM) complementary to bases 15-32 of tRNA Asp . The probe is specific for tRNA Asn and does not crossreact with tRNA Asp under the conditions used (data not shown). 
Results

Two Amino Acids in the N-terminal Region May Define the tRNA
Selection of the Archaeal-Type AspRS. The discriminating and nondiscriminating archaeal-type AspRS enzymes are highly similar to each other. In an alignment of 26 AspRS proteins of predictable tRNA selectivity (15), the highest identity (Ϸ60%) among the two types is between the D-AspRS of the Pyrococcus͞ Thermococcus group and the ND-AspRS from Archaeoglobus fulgidus or Methanopyrus kandleri. However, the alignment revealed that amino acids at two positions varied systematically between D-AspRS and ND-AspRS (Fig. 1) . Both residues are located in the enzyme's N-terminal region. The first amino acid (position 26 in T. kodakaraensis AspRS) is a tryptophan or glutamine in the discriminating enzymes, whereas a histidine is found in most ND-AspRSs. The second amino acid (position 85 in T. kodakaraensis AspRS) is a lysine in the D-AspRS enzymes, whereas it is a proline in the ND-AspRSs. K85 is part of the L1 loop that connects the last two ␤-strands of the anticodonbinding domain in T. kodakaraensis AspRS (14) . The equivalent loop of bacterial and eukaryotic AspRS enzymes interacts with the tRNA Asp anticodon (16, 18) . No other significant amino acid differences could be identified in the alignment of the entire AspRS sequence. 
K85 Is Important for the Discriminating Nature of T. kodakaraensis
AspRS. To test the significance of W26 and K85 for tRNA selectivity of T. kodakaraensis AspRS, W26H and K85P mutations were introduced independently, and in combination, into T. kodakaraensis AspRS. Although T. kodakaraensis grows optimally at 95°C (25) , in vitro aminoacylation assays were optimal at 60°C because of the instability of Asp-tRNA at higher temperatures. Thus, the k cat values presented in Table 1 are expected to be below physiological values, but comparisons of wild-type and mutant enzymes should show the relative effects of these mutations on the different enzymes.
The K85P mutant enzyme was impaired in its ability to synthesize Asp-tRNA Asp in vitro; it had the same k cat as the wild-type enzyme, but an 8-fold increase in the K m value for tRNA Asp (Table 1 ). This finding suggests that the conserved lysine in the loop L1 is important for tRNA (Table 1) . Compared with the wild-type enzyme, the double mutant W26H͞ K85P had a similar K m for tRNA Asp , but only half the k cat , suggesting a reduced specificity toward tRNA Asp . The simultaneous ''change'' of both amino acids involved in tRNA recognition may lead to better substrate interaction compared with that seen with the single-mutant enzymes. Although these experiments were performed at suboptimal temperatures and with heterologous transcripts, the K m value for tRNA Because all of the mutant enzymes were active, we then determined whether they gained the ability to form Asp-tRNA Asn in vitro. Asp-tRNA Asn synthesis by wild-type T. kodakaraensis AspRS was undetectable at low tRNA concentrations (Fig. 2 (Table 1) . In contrast, all three mutant enzymes showed significant levels of Asp-tRNA Asn formation and dramatic decreases (at least 100-to 500-fold) in tRNA discrimination (Table 1 and Fig. 2 ). The K85P mutant enzyme exhibited the lowest discrimination against tRNA Asn and a 500-fold change in tRNA specificity (Table 1) . Therefore, tRNA Asn was aspartylated just 2-fold less efficiently than the cognate tRNA Asp by the K85P enzyme, and this level of nondiscrimination is similar to that of naturally occurring NDAspRSs (3). In addition, the K m value for tRNA Asn (3.1 M) of the K85P mutant enzyme was even 3.5 times lower than that for tRNA Asp . The catalytic efficiency of misaminoacylation was comparable between K85P and W26H, but the latter is 9 times more specific for tRNA Asp than for tRNA Asn (Table 1 ). Of the enzymes tested, W26H͞K85P showed the highest activity (k cat ͞ K m ) in Asp-tRNA Asn formation ( Table 1 ). All three mutant T. kodakaraensis AspRS enzymes showed a K m value for tRNA Asn ranging from 3 to 9 M (Table 1) .
Because the experiments above were performed with unmodified tRNA gene transcripts, we wanted to confirm the tRNA recognition properties of the wild-type and mutant enzymes with mature tRNA from P. furiosus, a close phylogenetic relative of (Fig. 3A) . This result is consistent with the expectation that the mutant T. kodakaraensis AspRSs can form Asp-tRNA Asn . The presence of this mischarged tRNA was documented (Fig. 3B) Table 1 for details).
aspartate by purified wild-type and mutant AspRS enzymes was separated by acid͞urea gel electrophoresis and then hybridized to a tRNA Asn -specific probe. The W26H, K85P, and doublemutant enzymes, but not wild-type, formed Asp-tRNA Asn ( Fig.  3C ; compare lanes 3, 5, and 7 with lane 1), which could be deacylated ( Fig. 3C; lanes 4, 6, and 8) . As expected, AsntRNA Asn , made by E. coli AsnRS, moved more slowly than Asp-tRNA Asn (Fig. 3C, lane 9) .
K85 of T. kodakaraensis AspRS May Interact with the Anticodon
Nucleotide C36 of tRNA Asp . To shed more light on the role of the two amino acids (Fig. 1) in tRNA recognition by an archaeal AspRS, we looked for possible interactions of T. kodakaraensis AspRS with tRNA Asp . Although the crystal structure of this enzyme was determined without tRNA (14) , the tRNA complexes of E. coli (16) and T. thermophilus (17) AspRSs are known. These structures are relevant, as it appears that the anticodonbinding domain of T. kodakaraensis AspRS is similar to the corresponding domain in the bacterial counterparts (14) . We therefore superimposed the N-terminal domain of T. kodakaraensis AspRS with that of E. coli or T. thermophilus AspRS, both complexed with E. coli tRNA Asp . Similar interactions were observed in both superimpositions, but a lower rms deviation (1.2 Å) was obtained with the E. coli structure (Fig. 4) .
Based on this superimposition, K85 in the loop L1 of T. kodakaraensis AspRS interacts directly with tRNA Asp (Fig. 4) . Specifically, the peptide backbone amide of K85 donates a hydrogen to the N3 group of C36, the third anticodon base in tRNA Asp . The -amino group of K85 donates another hydrogen bond to the phosphate backbone of A37 in the tRNA. In contrast, tRNA Asn with U as the third anticodon nucleotide cannot accept this hydrogen bond because, unlike cytidine, uridine is protonated at N3. The superimposition further predicts how the K85P mutation may allow mischarging. As proline is the only amino acid that lacks a backbone hydrogen group, the K85P mutant loses the hydrogen bond with the C36. A K85P mutant also loses the hydrogen bond between the lysine side chain and the A37 phosphate group. Presumably, because of the lack of interactions between the P85 and the tRNA, either cytidine or uridine would fit comfortably at the third anticodon position, when the tRNA is in complex with the AspRS.
W26 of T. kodakaraensis AspRS does not appear to contact the tRNA in this model; however, this residue may affect tRNA recognition indirectly by its vicinity to K29 and D30, amino acids that contact the anticodon loop bases C32 and C38 (16, 17) .
Discussion
Changing the tRNA Specificity of an AARS. Specific tRNA recognition by an AARS relies on a multifaceted interaction of protein and RNA. Studies on tRNA identity made clear that the anticodon (position 34-36), the discriminator base (position 73), and base pairs in the acceptor helix are of primary importance in synthetase recognition (19) . As these structurally separated nucleotides are recognized by spatially noncontiguous elements in the synthetase protein, a desired change in tRNA binding by this protein may mandate multiple amino acid changes (28, 29) . The task should be easier in the case of the set of discriminating or nondiscriminating AARSs, because the latter enzyme acylates with its cognate amino acid two different acceptor RNA types. These tRNAs must share many identity elements to be accommodated in the enzyme's single tRNA-binding site, which tolerates at least two different anticodons. Part of this task was accomplished when it was shown that a single R358Q mutation endowed the discriminating T. thermophilus GluRS with the ability to recognize tRNA Glu and a tRNA Glu variant containing a tRNA Gln anticodon with comparable efficiencies (30) . In the case of T. kodakaraensis AspRS, a complete change was effected by the K85P mutation in the enzyme's anticodon-binding domain. Whereas this mutation sufficed to give rise to a ND- Two hydrogen bonds (dotted lines) connect the identified amino acid K85 to the anticodon loop. Oxygen, nitrogen, and phosphorus atoms are shown in red, blue, and purple, respectively. The figure was generated by SPOCK software (27) .
AspRS, additional interactions (e.g., position 26) undoubtedly ensure the specificity. The success of our experiments may be because of the high similarity of archaeal tRNA Asp and tRNA Asn sequences. These tRNAs share the discriminator base, the first two anticodon bases, and the first three base pairs of the acceptor arm, regions that contain the identity elements of AsnRS and AspRS (19) . However, the ultimate understanding of this dual tRNA recognition will require in vivo proof and crystal structures of a ND-AspRS complexed to the different tRNAs.
Unique Mechanism of tRNA Asx Discrimination by the Archaeal-Type AspRS? The two amino acids described here (Fig. 1) are not conserved in the bacterial-type AspRS proteins, which also occur in a discriminating (e.g., in E. coli) and a nondiscriminating form (e.g., in Chlamydia trachomatis; ref. 6) . This difference may be related to the divergence of the tRNA Asn sequences between the bacterial and archaeal domain. For example, a U1⅐A72 base pair is found in bacterial tRNA Asn , but the corresponding base pair in archaeal tRNA Asn is G1⅐C72. Eukaryotic AspRS proteins show a poor alignment with their archaeal counterparts in the region pictured in Fig. 1 , yet there is no need for the existence of a eukaryotic ND-AspRS. Therefore, the evolution of AsxtRNA synthetases may have been more complex than was previously apparent (31) .
Evolution of tRNA Recognition in the AspRSs Is Complex. The ease of in vitro conversion of the tRNA discriminating nature of T. kodakaraensis AspRS suggests that changes between D-AspRS and ND-AspRS may have evolved more often than expected. Thus, the number of at least three independent groups of discriminating enzymes revealed by the phylogeny of the archaeal-type AspRSs (Fig. 5) may not be surprising. It has been argued that the ancestral AspRS was nondiscriminating (33) , allowing for the later emergence of an AsnRS (11, 31) and a D-AspRS. However, an evolutionary change from D-AspRS to ND-AspRS may have also been logical, if one considers that Asp-tRNA Asn may not be as toxic to cellular protein synthesis as had been expected (B. Min, personal communication). The presence of a ND-AspRS may be beneficial in other ways, for instance, in case an organism needs to make asparagine (13) . Therefore, it may be advantageous for an organism to retain ''flexibility'' with tRNA discrimination conversions in either direction, possibly in response to codon-usage drift or changing metabolic environments. Establishing a more complete picture of the dynamic evolution of Asp-tRNA and Asn-tRNA formation (31) will require further surveys of tRNA discrimination by AspRS enzymes from many more organisms. 
